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Oscillators in the GHz frequency range are key building blocks for telecommunication and po-
sitioning applications. Operating directly in the GHz while keeping high frequency stability and
compactness, is still an up-to-date challenge. Recently, optomechanical crystals have demonstrated
GHz frequency modes, thus gathering prerequisite features for using them as oscillators. Here we
report on the demonstration, in ambient atmospheric conditions, of an optomechanical oscillator
designed with an original concept based on bichromaticity. This oscillator is made of InGaP, a low
loss and TPA-free piezoelectric material which makes it valuable for optomechanics. Self-sustained
oscillations directly at 3 GHz are routinely achieved with a low optical power threshold of 40 µW
and short-term linewidth narrowed down to 100 Hz in agreement with phase noise measurements
(-110 dBc/Hz at 1 MHz from the carrier) for free running optomechanical oscillators.
INTRODUCTION
Optomechanical (OM) resonators, exploiting the in-
teraction between light and a moving optical cavity [1],
have been actively looked into in recent years with im-
pressive demonstrations in the quantum regime [2–4].
Meanwhile, other important applications have also been
found for ultra-compact sensors [5], microwave to optics
transduction [6], radiofrequency signals amplification [7]
or stable microwave oscillators [8]. Essential feature in
modern navigation, communication and timing systems,
microwave oscillators at high frequencies are compared
in the light of their stability at their natural frequency
and their form-factor. With their micrometric size and
their mechanical resonance frequency already in the GHz
range, OM crystals [9] (OMC) present a unique potential
to reach ultra-compact stable microwave oscillators. OM
oscillators have been investigated but still lie far from
the microwave domain and spectral purity is, for the mo-
ment, an issue which has been scarcely addressed.
Besides, a shared limitation for every application is
thermo-optical instabilities which limit the optical power
injected inside the resonator. First OM resonators, and
especially OMCs, made of silicon, suffer from two-photon
absorption preventing quantum regime in cooling exper-
iments to be achieved. Hence, different materials such as
Silica [10], Silicon Nitride [11] and diamond [12, 13] have
been considered as materials of choice thanks to their
large thermal conductivity and low optical absorption.
Thus, a high number of intracavity photons has been
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reached with diamond OMC [12]. None of these materi-
als shows piezoelectric properties which could efficiently
bridge microwave to optics. Thus, they are unsuitable
for hybrid opto-electro-mechanical devices [14], particu-
larly attractive in various contexts, from telecommunica-
tions to quantum information and from classical radar to
quantum radar [15]. That is why non centro-symmetric
crystals such as large electronic bandgap III-V semicon-
ductors are appealing for optomechanics and have been
recently investigated (Gallium Phosphide [16, 17] and
Aluminium Nitride [18]) as they do not suffer from Two
Photon Absorption (TPA) when operating in the practi-
cal telecom spectral range.
Here we consider another material, Indium Gallium
Phosphide (In0.5Ga0.5P) grown on GaAs. Owing to a
large electronic forbidden gap (≈ 1.9eV ) two-photon ab-
sorption is suppressed at telecom wavelengths [19], which
allows reaching a very large optical energy density and
triggers nonlinear effects such as soliton pulse compres-
sion [20]. For these reasons, InGaP has been introduced
recently in optomechanics [21–23], but an OMC have not
been realized yet. We introduce a new design concept,
relying on bichromaticity [24], which presents the ad-
vantage of being robust to fabrication disorder [25] and
thus achieved systematically functional devices with large
optical Q factors and low mechanical losses. The self-
sustained oscillation has been characterized in detail all
the way to the measurement of the phase noise, revealing
that our OMC is comparable to much larger microtoroids
made of Silicon Nitride.
CAVITY DESIGN AND MODELING
The widespread designs introduced in [26, 27] rely on
tapering the crystal parameters, following a well opti-
mized profile, according to the concept of “gentle confine-
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2ment” [28]. Our design is based on a radically different
concept, which does not use any tapering at all: all holes
are the same with constant radius r and period a while
the sidewall modulation has a constant depth yth = 0.27a
and is strictly periodic with period a′. The two periods
are however slightly different, a′ = 0.98a. As shown by
[29] in the context of two dimensional photonic crystals,
this creates an effective confining potential which mini-
mizes radiative leakage but still keeps the mode volume
low. Thus, the design is described by only 4 parame-
ters and requires no optimization as the radiative leakage
limited Q of the fundamental mode, calculated by Finite
Difference Time Domain method, is always above 106 as
r and yth are varied over a fairly broad range (see Sup-
plementary Information), which also suggests robustness
against fabrication tolerances. The next optical mode is
located about 2 THz below in the spectrum (see supple-
mentary).
The implementation of this concept in the context of op-
tomechanics also requires that the same structure also
confines mechanical modes. To the best of our knowl-
edge, the possibility of localizing a mechanical mode us-
ing a bichromatic structure has not been considered. The
mechanical modes in Fig. 1c are computed using the
Finite Element Method, implemented in the COMSOL
software. The confinement of the mechanical breathing
mode oscillating at about 3 GHz (Fig.1c) is explained by
the local increase of the stiffness in the structure induced
by the increasing misalignment of holes and sidewalls as
moving outwards from the center of the cavity. The fun-
damental mode has the highest frequency (see supple-
mentary information for mechanical spectrum).
The calculated optical mode volume Vopt, the effective os-
cillator mass meff , the mechanical mode volume Vm and
the vacuum optomechanical coupling constant g0 depend
on the parameter a′/a ≈ 1, providing a simple “knob”
for tuning the device properties (details in supplemen-
tary). The largest g0 involves the fundamental optical
and mechanical modes, any other combination of modes
results in a much smaller coupling. The calculated pho-
toelastic1 and moving boundary contributions[30] are:
g0,MB/2pi = −117kHz and g0,PE/2pi = 494kHz, hence
g0/2pi = 377kHz (see supplementary for details on g0
computation and the values of the photoelastic tensor).
This design ensures the simultaneous localization
of photons (Fig. 1b, Vopt = 0.97(λ/n)
3) and phonons
(Fig. 1c, Vm = 2.5 × 10−19m3, meff = 1.01pg). The
cavity is coupled to the input waveguide by removing
nlh holes and sidewall corrugation on one side (out of
the 51 holes in total) and the waveguide is coupled to a
lensed fiber using an inverse taper [31].
The device is fabricated on an InGaP membrane grown
by MOCVD lattice-matched to GaAs. The OM crystal
1 as data for InGaP is absent in the literature we have used the
parameters of GaP as in [23]
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FIG. 1. a) Scanning Electron Microscope image of the fabri-
cated structure; the area where holes are removed is delimited
by a dashed white line; white arrow: input light b) calculated
normalized real part of the field Ey for the fundamental opti-
cal mode at λ=1545 nm ; c) calculated normalized mechanical
displacement uy at fm = 3.12GHz.
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Q0
a) b)
c) d)
FIG. 2. Fundamental mode: a) Reflection spectrum (black),
Lorentzian fit (red) and extracted loaded Q factor for a cavity
with 7 holes removed; b) measured loaded and intrinsic Q-
factors as a function of the number of holes removed, and ex-
ponential fit (red line); c) normalized reflectivity as a function
of the detuning; d) extracted thermo-optic shift as a function
of the on-chip power Pc for a cavity with 9 holes removed.
is processed following the same recipe as for two dimen-
sional photonic crystals[19, 24].
OPTICAL CHARACTERIZATION
The optical resonances are probed in a reflection
geometry using a high resolution optical heterodyne
3technique[24]. This provides access to the complex spec-
trum of the cavity (see supplementary). Its modulus is
shown in Fig. 2a. We consider the mode in the spectrum
with the highest frequency (the fundamental). The
loaded quality factor QL decreases by a factor 0.6 for
each period removed, while the intrinsic quality factor
Q0, extracted from the fit of the measured complex
amplitude, is 2.2± 0.2× 105 (Fig. 2b)2.We measured an
intrinsic quality factor over 105 in 9 out of 12 nominally
identical cavities. The whole spectrum is shown in Fig.9
of the supplementary information where the first order
mode can be seen.
Absorption, at room temperature, is extracted from
the normalized reflectivity as a function of the laser
detuning νL − ν0 swept from blue to red such that the
resonance is thermally pulled [32] until the bistable
transition occurs (Fig. 2c). This, to a very good
approximation, corresponds to the detuned resonance
ν′ (see supplementary information). When plotted
against the on-chip power (i.e. the incident power), ν′
reveals a linear dependence (Fig. 2d), hence suggesting
linear absorption, likely due to defects at the surface.
Following the same procedure as in [33], the dissipated
power is extracted based on the calculated thermal
resistance and the measured dependence of the reso-
nance with temperature. This leads to an estimate of
the absorption rate Γabs/2pi = 8MHz, which is much
smaller than the total intrinsic losses Γ0/2pi ≈ 1GHz.
Correspondingly, the fraction of the dissipated on-chip
power is α = 4Γabs(κ − Γ0)/κ2 ≈ 0.4%, with κ the pho-
ton cavity decay rate. Absorption could be interpreted
in terms of an effective imaginary refractive index3
through n′(InGaP ) = n(InGaP )Γabs/2piν ≈ 10−7,
which is substantially lower than the estimate in [22]
at λ =1064nm and consistent with measurement of
intrinsic Q > 106 still limited by elastic scattering[24].
PROBING OF BROWNIAN MOTION OF THE
OSCILLATOR
The optomechanical crystal considered in this section*
has an optical quality factor of Q = 3 × 104. The
noise spectrum of the mechanical resonator reveals sev-
eral peaks. The one with the largest frequency (fm =
2.924GHz, see inset Fig3a) is identified as the fundamen-
tal mode (see Fig.10 of the supplementary for mechani-
cal spectrum). The vacuum optomechanical coupling is
measured at room temperature and standard pressure
with the technique discussed in [34]. The reflected op-
tical power is detected by a fast Avalanche Photodiode
2 the procedure used here does not operate in extreme conditions
such as overcoupled cavity.
3 which should depend on the geometry since it represents absorp-
tion due to surface defects.
om
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FIG. 3. a) Measured vacuum optomechanical coupling as a
function of the normalized laser detuning for 3 different on-
chip laser power; inset : calibrated power spectral density
of the frequency fluctuation along with calibration tone fmod
and Lorentzian fit. b) corresponding measured mechanical
linewidth compared to theory.
which is amplified by a 40dB low noise amplifier before
going to an electric spectrum analyser (ESA). The elec-
tric power spectra corresponding to the mechanical mo-
tion of the resonator is compared to a calibration tone
with spectrum Smod generated by a phase modulator
in the input optical path, allowing the measurement of
the power spectrum of the frequency modulation Sνν ,
as shown in the inset of Fig. 3a (details in supplemen-
tary). In our case, it was not possible to operate the OM
resonator at low enough power to avoid dynamical back-
action while maintaining the detection level well above
noise. Thus, what we measure and plot on Fig. 3a is a
quantity G =
√ ∫
Sνν(f)df
nth
that corresponds to g0 at van-
ishing laser-cavity detuning νL − ν′, which is corrected
for the thermally induced spectral shift, see supplemen-
tary. Considering the uncertainty on the photoelastic
coefficients, the measured g0/2pi = 380 kHz is very close
to the calculations solely including the photoelastic and
moving boundary contributions. This is consistent with
the fact that the thermo-mechanical term[23] is negligi-
ble in our system (discussion in Supplementary).
The corresponding mechanical linewidth (Fig. 3b) is mea-
sured and compared to theory [35] accounting for the
narrowing due to the dynamical backaction Γom, when
∆ = νL − ν′ > 0:
Γom = nhνg
2
0×
×
[
κ
(∆ + 2pifm)2 + κ2/4
− κ
(∆− 2pifm)2 + κ2/4
]
4with the number of photons in the cavity given by the
usual coupled mode theory.
The parameters used in the model (gathered in a table
in the supplementary) are measured: κ/2pi = 6.5 GHz,
Γ0/2pi = 0.9 GHz, Ωm/2pi = 2.92 GHz and g0/2pi = 380
kHz. Only the on-chip laser power levels used in the
model, Pc = 43.5, 47.9 and 51 µW , have been adjusted
within 20% of the experimental values indicated in Fig
3a. From the lorentzian fit in the inset of Fig 3a, the
mechanical linewidth is equal to Γm/2pi = 1.2MHz
and the mechanical Q factor at room temperature and
atmospheric pressure is Qm = Ωm/Γm = 2300 ± 150
corresponds to the measurement at zero detuning.
SELF-SUSTAINED OSCILLATIONS
We routinely observe self-sustained oscillations on
devices with different loaded Q factor. We focus on the
cavity with loaded quality factor Q = 30 000. As the
power is increased, the resonator eventually undergoes
regenerative oscillations. The threshold is predicted by
the condition that the mechanical loss equates the opti-
cal anti-damping calculated above: Γm+Γom = 0. Using
the measured parameters above yields Pc,tr = 47µW ,
which is again, within 20% of the measured value, 40
µW .
The measurement is performed as the laser is swept
towards the red across the resonance and repeated as
the on-chip power is increased. Through the dynamical
backaction, the mechanical mode drifts by 700 kHz for
an on-chip power of 53µW (Fig. 4a). The mechanical
linewidth is very well fitted by a Voigt function (Fig. 4b)
which is the convolution of a gaussian function which Full
Width at Half Maximum is equal to σG = 5047± 929Hz
(which corresponds to the Resolution Bandwidth used
to record the different spectra) and a lorentzian func-
tion. The lorentzian linewidth, corresponding to the
short-term linewidth, decreases from 1.2 ± 0.08 MHz to
Γeff,L/2pi = 80± 20Hz for an on-chip power of 53µW .
On Fig. 4c), the short-term linewidth is plotted against
the RF integrated power. We consider the transduction
of the mechanical movement to the optical signal to
be constant and linear. In that case, the number of
phonons n can be deduced from nth/n = PRF,th/PRF
where nth is the number of phonons at thermal equilib-
rium, given by nth = kBT/~Ωm and PRF,th is the RF
integrated power at thermal equlibrium, when there is
no dynamical backaction. The knowledge of the number
of phonons allows one to calculate the limit to the
short-term linewidth given in [8, 36], similarly to the
Shawlow-Townes limit for lasers:
Γeff,L = Γm
(
nth
2n
+
1
2n
)
≈ Γmnth
2n
(1)
Eq 1 is valid above threshold and is plotted in black
Frequency offset f-fm (kHz)
FIG. 4. a) Raw spectra of the detected signal as a function
of the detuning for Pc = 53µW ; b) Fit of normalized RF spec-
trum with the Voigt function; c) fitted Lorentzian linewidth
Γeff, L as a function of the RF integrated power for different
optical pump levels, the black line represents the estimated
short term limit based on eq. 1, blur represents uncertainty
on the measurement of the RF power at thermal equilibrium.
on Fig. 4c). As the measurements are performed at room
temperature, nth + 1 ≈ nth and in that case, as pointed
out in Ref.[8], the short-term linewidth is limited by ther-
mal noise. As the experimental points obtained by fitting
the spectra with the Voigt function follow the limit given
by eq.1, we can conclude that the short-term linewidth
of the self-sustained oscillations is limited by Brownian
motion and this should be improved by lowering the tem-
perature bath.
A deeper insight in the noise properties of the
oscillator[8] is gained by examining the spectral density
of the phase noise L(f) (Fig. 5), measured when the de-
vice is oscillating at its maximum amplitude. The cav-
ity considered for this measurement has slightly different
parameters (in particular a lower optical quality factor
Q = 2.5 × 104) and a stronger Signal to Noise Ratio is
obtained through optical heterodyning (see supplemen-
tary). From 5kHz to 2 MHz the phase noise spectral
power density follows the slope PSD = Γeff,L/f
2, which
5FIG. 5. Measured phase noise spectrum (black filled circles),
reference (blue filled circle), phase random walk noise corre-
sponding to a Lorentzian linewidth Γeff,L/2pi = 120Hz (red
line) and corrected phase noise of the silicon nitride micro-
toroid from [37] (green squares)
is associated to phase random walk. The Lorentzian
linewidth Γeff,L/2pi = 120Hz is extracted, which is con-
sistent with the direct measurement on the signal spectral
power (Fig. 4). While white phase noise, due to thermal
noise in the photodetector, dominates at higher frequen-
cies, technical noise (1/f3) dominates below 5kHz, which
is typical of a free running oscillator.
CONCLUSION
In conclusion, an optomechanical crystal based on
InGaP, a III-V piezoelectric semiconductor, has been
developed based on a novel design involving only 4
parameters and requiring no optimization. The typical
intrinsic optical Q factor is about 2 × 105, whereas
the loaded Q is controlled by removing holes. While
nonlinear absorption is absent in the telecom spectral
range, owing to the large electronic band-gap, the linear
absorption is very small (Γabs/2pi = 8MHz), which,
combined to a long thermal relaxation rate compared
to the oscillation frequency, implies a negligible con-
tribution of thermomechanical forces to damping Γom.
The measured vacuum coupling constant is g0/2pi ≈ 380
kHz, in good agreement with modeling. At room
temperature and standard pressure, the mechanical
damping is Qm = 2300, with a corresponding figure of
merit Q × f = 6 × 1012, which is of the same order
of magnitude as [22]. Self-sustained oscillations are
achieved routinely with a loaded optical QL > 2.5× 104,
with an on-chip optical power level of about 40 µW .
The measured mechanical short-term linewidth narrows
down to about 100 Hz, limited by classical Brownian
noise and would decrease with temperature. Compared
to other optomechanical oscillators, the 1/f2 term of the
phase noise is basically the same as in Silicon Nitride
microtoroids[37], which is also a low loss material,
once corrected for the carrier frequency to allow a fair
comparison4. We note that Micro-Electro-Mechanical
Systems (MEMS) [38] are about 10 dB below but our
OMC provides an optical output, convenient for the
distribution of the signal on-chip. Completed with
piezo-electric transducers and hybridized on a Silicon
Photonic circuit [39], this device could be used for
microwave to optical conversion and more elaborate
miniaturized optoelectronic oscillators. We note that
self-stabilisation schemes have been proposed for OM
resonators[40]. Further improvement could be achieved
by inducing tensile stress in the membrane [21, 41]. In
perspective, this technology could be suitable for the
investigation of complex non linear phenomena [42],
synchronization of several oscillators [43] or quantum
experiments.
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CALCULATED PARAMETRIC DEPENDENCE
OF RADIATION LOSSES, VOLUME AND OM
COUPLING
1. Dependence with hole radius
The radius of the hole is a diffcult parameter to control
during fabrication. The graph in Fig 6 show a variation
of as much as 100 kHz for the optomechanical coupling
with holes of increasing values.
4 20log (N) + L(f) where N is the ratio between the higher and
lower operation frequency
6Hole radius (relative units)
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FIG. 6. Evolution of the optomechanical coupling with the
hole radius (units of a)
FIG. 7. Evolution of the optical and mechanical volume with
the hole radius (units of a)
FIG. 8. Evolution of the optical quality factor with the hole
radius (units of a)
2. Dependence with teeth depth
As can be seen on Fig9, the depth of the teeth does
not seem to have a significant influence on the optome-
chanical coupling g0.
From figures 11 and 8, it can be seen that the optical
quality factor does not depend on the hole radius and
teeth depth when these paramters are changed over al-
most 30 nm, which suggests robustness against fabrica-
tion disorder.
Dependence with the ratio between the periods of
the two lattices
From Fig.12 and Fig.13, it is clear that as the ratio
increases, the optical and the mechanical modes have a
larger volume. Moreover, the optomechanical coupling g0
is stronger when the mechanical and the optical modes
are confined in a smaller volume.
Teeth depth (relative units)
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FIG. 9. Evolution of the optomechanical coupling with teeth
depth (units of a)
FIG. 10. Evolution of the optical and mechanical volume with
the teeth depth (units of a)
FIG. 11. Evolution of the optical quality factor with the teeth
depth (units of a)
COMPUTING OF VACUUM OM COUPLING
The optomechanical coupling is calculated using the
expressions from [44] :
g0,MB = −ω02
∫∫
S
Q.~n
(
∆ε||~E‖||2−∆ε−1||~D⊥||2
)
dS∫∫∫
V
ε||~E||2dV (2)
g0,PE =
ω0ε0n
4
2
∫∫∫
V
~E·pidklSkl·~E∗dV∫∫∫
V
ε||~E||2dV (3)
PHOTOELASTIC PARAMETERS
The photoelastic parameters for the computation of g0
are taken from [45] :
p11 = −0.23
p12 = −0.13
p44 = −0.10
7Period ratio
0.96 0.97 0.98 0.99 1
g 0
/2
: 
(kH
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600 g0
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g0,PE
FIG. 12. Evolution of the optomechanical coupling with the
ratio of the periods (units of a)
FIG. 13. Evolution of the optomechanical coupling with the
ratio of the periods (units of a)
We note that there is an uncertainty of about 10% on
the above values. These values are given for a null angle
with the (001) axis. As the injection axis of our cavities
is along (110), a rotation must be applied to the photoe-
lastic tensor.[44].
OPTICAL SPECTRUM
FIG. 14. Optical spectrum of a cavity with QL = 120 000 for
the fundamental mode. The fundamental mode and the first
order mode can be seen at respectively 194 THz and 192.25
THz
The spectrum on Fig.14 is recorded by Optical Coher-
ence Tomography method [24]. Two resonances can be
seen on this spectrum : the resonance with the highest
frequency (the fundamental mode) is around 194 THz
and the next resonance (the first order mode) is around
192.25 THz. Interferences can also be seen in the reflec-
tion spectrum : the low frequency signature is attributed
to the interference between the input of the waveguide
and the fiber facet whereas the high frequency feature is
linked to an interference between the input of the waveg-
uide and the input of the photonic crystal. Further anal-
ysis of the reflection spectrum of such a cavity can be
found in [46].
MECHANICAL SPECTRUM
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FIG. 15. Mechanical spectrum of the bichromatic optome-
chanical crystal. The fundamental mode (orange) and the
second order mode (blue) can be seen at respectively 2.92
GHz and 2.85 GHz
As can be seen on Fig.15, the fundamental mode at
2.92 GHz is indeed the mode with the highest mechani-
cal frequency. The first order mode cannot be seen as it
has an odd symmetry, whereas the fundamental optical
mode has an even symmetry. According to calculation,
g0 between the fundamental optical mode and the second
order mechanical mode is equal to g0/2pi = 23kHz which
is much smaller than the g0/2pi = 380kHz for the cou-
pling between the fundamental optical and mechanical
modes.
EXTRACTION OF THE COMPLEX AMPLITUDE
SPECTRUM
The interferogram s(ν) which is measured with the
OCT system is related to the complex amplitude of the
optical field from the sample E˜(ν) = r(ν)Er through:
s = E˜E∗r + c.c. = r |Er|2 + c.c., where Er is the reference
field. The transfer function (here the complex reflectiv-
ity) r(ν) can be retrieved using the Hilbert transform,
as shown for instance in [47, 48] to extract a complex
spectrum from the time interferogram r(t) measured by
continuously changing the length of one of the arms of
an unbalanced Michelson interferometer and a partially
8coherent light source. Here, the Hilbert transform is ap-
plied to a signal in the frequency domain, but the proce-
dure is formally identical. This is achieved by taking the
inverse Fourier transform S of the interferogram s and
then calculating: R(t) = S(t) + sign(t)S(t) and finally
by Fourier transforming again to obtain r(ν).
From r(ν), the intrinsic losses Γ0 and the coupling losses
γ can be deduced [24] :
r(ν) =
2piν − z
2piν − p (4)
with z and p equal to :
z = 2piν0 + i(Γ0 − γ)/2 (5)
p = 2piν0 + i(Γ0 + γ)/2 (6)
THERMO OPTIC INDUCED SPECTRAL SHIFT
For a linear evolution of the resonance frequency with
the on-chip power, the time-domain Coupled Mode The-
ory [49] yields the following equation for the true value
of the detuning :
∆′ = ∆− αPL 1
1 +
[
∆′
κ
]2 (7)
where ∆′ = 2pi(νL − ν′0) and ∆ = 2pi(νL − ν0), ν′0 being
the current resonance frequency and ν0 the ”cold” cavity
resonance frequency.
From eq. (5) of [32], the maximum temperature change
the system can undergo occurs when νL = ν
′
0 or equiv-
alently, when ∆ = ∆νbist, ∆
′ = 0 . Therefore, the true
detuning can be written as a function of κ:
∆′ = ∆− ∆νbist
1 + (4pi∆′)2/κ2
(8)
The above equation is therefore solved to obtain the real
detuning.
ESTIMATION OF THE ON-CHIP POWER
Optical power is coupled into the photonic crystal cav-
ity using a fiber-collimator and a microscope objective.
When the pump is out of resonance, these two optical
component are the main sources of losses. Therefore, the
on-chip power is estimated by taking into account losses
coming from the collimator and the objective :
Pon−chip = αcαmPinput (9)
Preflected = αmαcPon−chip (10)
where αc corresponds to the loss due to the fiber-
collimator and αm represents the loss due to the micro-
scope objective. Therefore, the on-chip power is found
using the formula below :
Pon−chip =
√
PreflectedPinput (11)
MEASUREMENT OF THE VACUUM OM
COUPLING
The optical source is a Keysight tuneable laser. The
laser is then modulated by a MPZ LN 10 phase modula-
tor from Photline Technologies. After coupling into the
cavity, the reflected light is detected by an Optilab APR-
10-M APD photodetector and analyzed by a Rhode and
Schwarz FSV 40 Electrical Spectrum Analyser (ESA).
The fiber link is entirely polarization maintaining.
The measurement of g0 is carried out according to the
method described in [34]. The optomechanical cou-
pling corresponds to the optical frequency shift result-
ing from the displacement of the mechanical resonator,
therefore the method consist in measuring the power den-
sity spectrum of the frequency shift Sνν(f) at thermal
equilibrium, where the average amplitude of the ther-
mal mechanical fluctuation is known and corresponds to
nth =
kBT
~Ωm phonons.
The vacuum coupling constant is therefore (by defini-
tion):
g20 =
∫
Sνν(f)df
nth
(12)
where the integral5 is computed about the mechanical
resonance fm. The unknown transduction coefficient
relating Sνν to the measured electric power spectrum
S is determined using a calibration tone generated by
phase modulator which is inserted in the input path
between the light source and the cavity.
∫
Sνν(f)df =
∫
S(f)df∫
Scal(f)df
Φ20
(pifm)
2
4
(13)
where Scal is the spectral power density in the phase
modulation peak and φ0 = pi
Vcal
Vpi
, with Vpi = 6.11 V.
As the ESA measures the electrical power S˜ within
the selected resolution bandwidth RBW , it follows that∫
Scal(f)df = S˜cal as the calibration tone is spectrally
narrower than RBW . In contrast, the spectrum of the
frequency fluctuations of the OM oscillator is broader
and, following [34], its integral is evaluated from the fit-
ted Lorentzian lineshape with FWHM Γm as:
∫
S(f)df =
max(S˜)Γm/RBW . This leads to the known formula:
g20 =
max(S˜)
Scal
Γm
nth
φ20
pi2f2m
4RBW
(14)
The experiment is carried out by setting the calibration
tone away from the resonance but still close enough such
that the transduction function can still be considered
constant.
5 here we consider the single-sided spectrum
9PARAMETERS USED IN THE MODEL
Optical
properties
Coupled quality factor Q 30 000
Intrinsic quality factor Q0 200 000
Resonance Frequency
(THz)
ν0 193.79
Mechanical
properties
Mechanical fre-
quency(GHz)
fm 2.92
Quality factor Qm 2300
Zero point fluctuation (fm) xZPF 1.6
Effective mass(fg) meff 1.07
Thermal
properties
Relaxation time (µs) τth 18
Linear thermal expansion
(10−6K)
α 5.3
Thermomechanical force
(nN)
Fth 0.6
Frequency shift per displacement
(Hz/m−1)
G 1.51.1021
Optomechanical coupling (kHz) g0 2pi.385
INFLUENCE OF PHOTOTHERMAL FORCES ON
ANTI-DAMPING AND OPTICAL SPRING
To quantify the influence of photothermal forces, we
use the model developed in [23], which takes into account
the evolution of temperature in the OMC :
meff x¨+ Γmmeff x˙+ ω
2
mx = ~G |a|2 + Fth (15)
a˙+
(
κ
2 − i∆− iGx− ωcavn dndT
)
a− κexain = 0 (16)
d∆T
dt = −∆Tτth +
Γth|a|2
τth
(17)
where Γth = Rth~ωLκabs. τth is the thermal relaxation
time, which is found by numerical simulation. Fth is the
photothermal force, found by considering the influence
of a linear expansion of the OMC due to one photon
absorbed. By linearizing around an equilibrium point,
we find the expressions for the optical spring and anti-
damping as a function of normalized detuning x = ∆κ
:
Γeff =
G
meffΩ~νL
κexP
[x2 + 1/4]κ2
[
1
2κ
[
~G+
Fth
1 + (Ωτth)2
]
[
1
1/4 + (x+ Ω/κ)2
− 1
1/4 + (x− Ω/κ)2
]
+
FthΩτth
1 + (Ωτth)2[
x− Ω/κ
1/4 + (x− Ω/κ)2 −
x+ Ω/κ
1/4 + (x+ Ω/κ)2
]]
(18)
δΩeff =
G
meffΩ
κexP
[x2 + 1/4]κ2
1
~ΩL
[
1
2κ
[
~G+
Fth
1 + (Ωτth)2
]
[
x+ Ω/κ
1/4 + (x+ Ω/κ)2
+
x− Ω/κ
1/4 + (x− Ω/κ)2
]
+
FthΩτth
1 + (Ωτth)2
1
κ
[
1/2
1/4 + (x− Ω/κ)2 −
1/2
1/4 + (x+ Ω/κ)2
]]
(19)
From these equations, one can surmise that the influ-
ence of photothermal forces is negligible when the relax-
ation time is slow compared to the oscillation dynamics.
Indeed, when plotting the contribution of photothermal
forces to antidamping and comparing it to the antidamp-
ing due to radiation pressure (Fig 16), a difference of 4
orders of magnitude is clear between the two contribu-
tions.
Normalized detuning "8/5
-0.5 0 0.5
-
! e
ff
/!
m
10 -5
10 -4
10 -3
10 -2
10 -1
10 0
OM
thermal
FIG. 16. Comparison of the photothermal contribution and
the contribution of the radiation pressure to antidamping as
a function of normalized detuning
MEASUREMENT OF THE RF RESONANCE
The RF spectra are fitted using the Voigt lineshape.
This function is defined as the convolution of a Lorentzian
lineshape L(x) = γpi−1(x2+γ2)−1 and a Gaussian broad-
ening function G(x) = exp(−x2/2σ2)/√2piσ, namely:
V (x; γ, σ) =
∫
G(x;σ)L(x− x′; γ)dx′ (20)
The Voigt function is calculated efficiently through the
Faddeeva function w(z), (implemented in 6), through
the relations: V (x; γ, σ) = R[w(z)]/σ√2pi and z =
(x+ ıγ)/σ
√
2.
6 http://ab-initio.mit.edu/wiki/index.php/Faddeeva Package,
written by S. Johnson.
10
The fit is taken considering data points above the noise
level estimated at -55 dB below the peak.
The integrated power is obtained by integrating the raw
spectra PRF =
∫
S/RBW , the resolution bandwidth, as
above, unless the linewidth is narrower than the instru-
ment resolution, where the peak level is taken instead.
MEASUREMENT OF THE PHASE NOISE
Phase noise is measured through the heterodyne tech-
nique [50] using a Frequency Synthesizer as local oscilla-
tor at fLO. First, the optical signal extracted from the
cavity is mixed with a continuous wave strong optical
carrier. The optical signal obtained after mixing is sent
to a balanced photodetector (Discovery Semiconductors).
The electrical signal is amplified using a 20 dB Mini Cir-
cuits amplifier then further amplified by another 40 dB
(Femto Amplifier) before the mixer. The low frequency
signal v(t) is digitized with a 12bit real time sampling os-
cilloscope (Lecroy HDO), sampling time 1.25× 106 sam-
ples/s, with N = 2.5 × 106 samples. Then, the signal
vn = v(n∆t) is processed as in [51] First vn is multi-
plied by exp(−2piıf0∆tn) and Fourier transformed using
FFT (denoted as F). Then the low-frequency part of the
spectrum (|f | < BW ) is transformed back in the time
domain, which gives the analytic signal va around the
carrier frequency f0 = fOM−fLO. The phase is obtained
by taking the argument of each sample φn = arg(va(tn)).
Then the power spectral density of the phase is evaluated
within a certain spectral band f ∈ [fi, fi+1] using the
standard procedure. This defines a time span 1/2fi long
enough to resolve fi. Consequently φn is distributed in
Ni consecutive windows ∆Wj with duration 1/2fi and
containing Mi samples, such that MiNi = N . In each
time window, the non stationary contributions (trend
and average) are removed and then a suitable window
function (Hanning hn) is applied to the signal φ˜n,j,i, be-
fore Fourier transform (FFT). Finally, the power spectra
Sj,i(fk,i) = |F(φ˜n,j,ihn)|2 are averaged over the windows,
being , fk,i ∈ [fi, fi+1] . More precisely:
L(fk,i) ≈ ∆t
NiM2i
∑Ni
j=1 Sj,i(fk,i)∑Mi
n h
2
n
(21)
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